Abstract Raised bogs dominated by the vegetation association Ledo-Sphagnetum magellanici Sukopp 1959 em. Neuhäusl 1969 are a valuable and ecologically important plant community that occurs in Central Europe. They develop in impervious depressions with precipitation as the only water source, and are particularly sensitive to drainage, climate change, eutrophication and overgrowing by trees and shrubs. The high pressure of threat justifies taking protective measures. This research focused on the effects of the removal of birch from two bogs, which were dominated by two birch species (Betula pubescens, B. pendula) and also included stands of Scots pine (Pinus sylvestris); the bogs are located in northeastern Poland and showed signs of drying. The trees were removed in early spring 2008. To capture the response to tree cutting, vegetation monitoring was performed for 7 years. The results were compared to pre-cutting environmental conditions (precipitation, temperature, air transpiration). At the first site, which was drained at the beginning of the twentieth century, the ground water level initially decreased; then, from 2010 onwards, the level stabilised and exhibited a negative correlation with the average annual air temperature. While the second site exhibited no significant differences in the ground water table, a correlation with the average annual rainfall was found. At both sites, there was an increase in the coverage of species appropriate for raised bogs, Oxycocco-Sphagnatea Br.-Bl. et R. Tx. 1943, whereas only the second site had significant coverage of these species. These actions improved the habitat conditions and initiated the process of raised bog restoration at that site because Oxycocco-Sphagnatea species cover and frequency increased.
Introduction
Raised bogs dominated by the Ledo-Sphagnetum magellanici Sukopp 1959 em. Neuhäusl 1969 association develop in impervious depressions that are supplied with only rainwater. These raised bogs developed as a result of succession, which began during the last glaciation (Ellis and Tallis 2000; Dzhanelidze and Mikadze 2007) . Raised bog mossy vegetation habitat is classified as a forest community despite being characterised by less than 50% woody vegetation cover (Czerepko 2008 ). The tree stand, which has a height of 5-10 m, is made up of Pinus sylvestris, with open crown cover. The understorey vegetation is dominated by species of shrubs, grass and peat mosses of the class Oxycocco-Sphagnetea (Aulacomium palustre, Andromeda polifolia, Drosera rotundifolia, Eriophorum vaginatum, Oxycoccus palustris, Sphagnum capillifolium, S. fuscum, S. magellanicum) and the class Vaccinio-Piceetea Br.-Bl. 1939 (Ledum palustre [dominant species], Pinus sylvestris, Pleurozium schreberi, Vaccinium myrtillus, V. uliginosum). Raised bogs are differentiated from Vaccinio uliginosi-Pinetum bogs because of an overwhelming preponderance of surface coverage by the species diagnostic class Oxycocco-Sphagnetea, including species of class Vaccinio-Piceetea (Matuszkiewicz 2007) .
The Ledo-Sphagnetum magellanici raised bog is protected under the Natura 2000 network (http://ec. europa.eu/environment/nature/natura2000/index_en. htm). It is part of habitat 7110-a raised bog with peatforming vegetation, as included in Annex I of the Habitats Directive. The conservation status of this habitat in the continental region of Polish territory was defined as bad (U2). The main threats to this habitat include the exploitation of peat, drainage and alien vegetation succession (http://cdr.eionet.europa.eu; Navrátil and Navrátilová 2007; Soini et al. 2010; Jarašius et al. 2014; Konvalinková and Prach 2014) . Important factors affecting raised bogs are nitrogen deposits (Akagi and Osawa 2005; Juutinen et al. 2010; Hurkuck et al. 2014 ) and climate change, which impact the amount of precipitation and transpiration (Mauquoy and Yeloff 2008; Minayeva and Sirin 2012) . Protective projects have focused on improving water conditions by inhibiting the loss of water resources from the peatlands. Frequently, for the purpose of restoring peatlands, water outflows in the existing network of drainage ditches have been obstructed. Such procedures can have a rapid effect; the vegetation structure has been observed to shift, with a decrease in tree and shrub coverage. (Bönsel and Sonneck 2011; Dixon et al. 2014) . However, the application of this type of action is not possible if the peatlands have not been previously drained and if the changes occurring on them are related to climate change, which includes a deficiency of precipitation and high air temperatures such that transpiration is enhanced (Glatzel et al. 2006; Lamentowicz et al. 2008 ; Van der Linden et al. 2008; Gałka et al. 2014 ). If it is not possible to implement damming, procedures limiting transpiration by removing highly transpiring plant species, which include trees, are thus recommended. Therefore, in many cases, restoration involves the removal of trees growing on raised bogs (Artz et al. 2013) to stop the succession and to increase soil moisture by reducing transpiration, which could encompass a significant share of the overall water loss (Schubert 2010; Fay and Lavoie 2009; Howie and Meerveld 2011) . Although this method is quite frequently used, it generates questions about resulting impacts on vegetation, hydrology and soil conditions, and the general success of peatland restoration using this procedure (O'Brien et al. 2007; Stenild et al. 2010) .
The unique hydrologic characteristics and plant community structure of peatlands must be addressed during restoration (Eiseltová 2010; Bönsel and Sonneck 2012) . In addition, it is important to monitor sites for several years after project completion to assess the effectiveness of peatland restoration efforts (Erhenfeld 2001; Andersen et al. 2010; Rochefort et al. 2013) .
The aim of this study was to evaluate the effectiveness of the removal of trees, saplings and birch undergrowth at raised bog sites exhibiting a drying trend resulting from climate change and artificial drainage.
Materials and methods
The study was conducted in northeastern Poland in the forest district of Strzałowo (Piska Forest) in the Mazury Lake District. The landscape of the area formed during the last glaciation (approx. 10,000 years ago); therefore, it is highly biodiverse.
Studies were carried out at two sites (B1 and B2) with an area of 1.47 and 1.91 ha spaced apart by approximately 3 km (N53.733980, E21.444791 and N53.730897, E21.492467) (Fig. 1) . The depth of peat at site B1 reaches 10.5 m and is underlain with lake gyttja, whereas the peat at site B2 reaches 3.5 m in depth and is also underlain with lake gyttja. The presence of gyttja at the bottom of the peatlands indicates the presence of a kettle lake prior to bog development. All stages of peatland development have been found in the peat profile at both sites, indicating the process of succession consisting of vegetation filling in the lake, with gyttja deposits overgrown by low peat bogs followed by raised bogs with the LedoSphagnetum magellanici vegetation association. The structure of the raised bog mossy vegetation at the two study sites shows characteristics of habitat drying. Over time, there has been an increase in the coverage of woody vegetation, especially birch (Betula pubescens and B. pendula), resulting in increased transpiration, a decline in cover/abundance of Norway spruce (Picea abies), and an increase in shading and provision of organic matter, which affects the trophic habitat conditions. Furthermore, site B1 is located in an old and overgrown drainage ditch constructed at about beginning of the twentieth century.
In March 2008 birch trees and undergrowth (trees less than 5 m high) and saplings at both sites were cut and removed by hand; pines, species that are typical of these raised bogs, were left. To capture changes of the surveyed raised bogs, vegetation monitoring and measurements of the water level were conducted. Measurements of the water level were carried out electronically by data loggers (Dataflow Systems Ltd) every 8 h from 2006 to 2013. On each area, there was one dipwell (perforated PVC pipe with 75 mm diameter). Vegetation monitoring was carried out before birch was removed in 2006 and then in 2008 and 2013 in circular sample plots, whose centres were located on the square grid plan at an interval of 25 m (Fig. 1) . The area of a single circular study area was 100 m 2 , a sufficient sampling size for this type of community (Chytrý and Otýpková 2003) . On each site 14 research sample plots were designated for monitoring changes in the vegetation. On the sample plots, phytosociological relevés were conducted (2006, 2008 and 2013) using the Braun-Blanquet (1964) method, with additional measurements of tree and shrub stem diameters at breast height (dbh), defined as the diameter 1.3 m above ground level. Ecological values as an average of plant indicators (light, soil trophic, soil acidity, soil humidity) were adopted according to Zarzycki et al. (2002) , that is national equivalent of Ellenberg (1979) approach. Zarzycki's indicators are simple values from 1 to 5, only moisture from 1 to 6, for various abiotic factors. Mean values for these ecological numbers were calculated with a weighting to account for the level of percentage cover of the species present. The average value of the plot was calculated by weighting the metric with the percentage surface coverage of ground vegetation plant species. The summary percentage coverage of different groups of plant species was analysed (Braun-Blanquet 1964) , and the individual plant species were classified into syntaxonomic groups on the basis of the Matuszkiewicz (2007) elaboration. The frequency values as the number of occurrence of species belongs to syntaxonomic groups in 14 sample plots in tree repetitions (2006, 2008, 2013) were presented also.
Precipitation totals for 2007-2013 ( Fig. 2) were obtained from the meteorological station in Mikołajki, which is a 10 km distance from the research area.
To determine the sensitivity of the groundwater table to meteorological conditions, the monthly Fig. 1 Location of sample plots at study sites B1 and B2 Wetlands Ecol Manage (2018) 26:689-702 691 climatic water balance (CWB) was calculated as the difference between the total precipitation (P) and the potential evapotranspiration (PET). The monthly evapotranspiration was calculated using the Ivanov formula (Bac 1968) .
where EP-monthly evapotranspiration potential (mm), T-average monthly air temperature (°C), faverage monthly relative humidity of the air (%). This method has been applied in the absence of solar radiation measurements. The meteorological data from the Mikołajki weather station were used for the calculations.
Data time series as precipitation, evapotranspiration, water balance, ground water table were analysed using a non-parametric Seasonal Mann-Kendall test (Gilbert 1987) , which is used to assess the importance of monotonic trends in hydrological and climatic characteristics (Douglas et al. 2000; Burn and Elnur 2002; Gemmer et al. 2004; Cannarozzo et al. 2006; Oguntunde et al. 2011) . The data values were compared to all subsequent data values. The probability associated with the Z test statistic was calculated. It was assumed that the trend was decreasing when the Z was less than zero, and the probability was less than the adopted level of significance a = 0.05. The trend was considered to be increasing when Z was greater than zero and the probability was less than the accepted level of significance a = 0.05. Strength and direction of the relationship between two variables were determined using a Kendall's tau coefficient (s). Seasonal Mann-Kendall test and Kendall's tau coefficient were calculated using packages trend in R programme (Pohlert 2016) .
The significance of the differences in the average height of the water table between the years was determined using a one-way analysis of variance (ANOVA) Tukey post hoc test, where p \ 0.05. The significance of the Spearman r correlation coefficient between the average height of the water level and the average annual temperature and rainfall in different years was determined.
The significance of differences in the mean values covering individual strata of phytocoenosis, the number of species, the average sum of the coverage of groups of species and the ecological values at p \ 0.05 were determined using the Friedman test; then, to determine the differences between the post hoc ranks, a Friedman test with a Nemenyi amendment was used (Pohlert 2014) .
Results

Water balance/climate trends
In the discussed period of 7 years of observations, the average annual precipitation at the meteorological station at nearby Mikolajki amounted to 676 mm, with (Fig. 2 ). The year 2007 was characterised by high rainfall during the summer. Precipitation tended to decrease, although the decrease was not statistically significant ( Fig. 2) . The average annual evapotranspiration in the described period amounted to 418 mm (Fig. 3) , whereas in the summer months (May-October), it amounted to 312 mm, and in winter (NovemberApril), it was 106 mm. The highest evapotranspiration was recorded in 2009 and the lowest in 2013. Considering the monthly data, the highest evapotranspiration occurred in June 2008. The designated trend shows an decrease, but it was not statistically significant.
Based on these data, the values of the climatic water balance (Fig. 4) 
Water level trends
The level of the ground water table at site B1 is illustrated in Fig. 5a . The elevation of the land where the measuring well was installed was 121 m above sea level (a.s.l.). During the 7 years of measuring the water level, it ranged from the 120.62 to 120.93 m a.s.l. The highest levels occurred at the beginning of the measurements, at the end of 2006 and the beginning of 2007. The lowest water table level occurred in the summer of 2009, when the level dropped to 120.63 m above sea level, which is 37 cm below the ground surface. This was due to the low rainfall in this period, which was confirmed by the calculated balance (Fig. 3) . Furthermore, the negative water balance had the effect of lowering the water table in 2011, when during 3 months of the year, the water level was 120.70 m a.s.l. The appointed trend was decreasing and statistically significant (s = -0.262, p = 0.005). Changes in the water table level at B2 are shown in The average level of the ground water table at B1 exhibited a negative correlation (r = -0.33, p = 0.001) with an average annual temperature and showed no correlation with the average annual rainfall (r = 0.04, p = 0.717). At site B2, however, there was a positive correlation between the average height of the ground water table with the average annual rainfall (r = 0.28, p = 0.015) and no correlation with the mean annual temperature (r = 0.09, p = 0.400).
At site B1, the ground water level initially decreased; then, from 2009 onwards, it stabilised (Table 1) . The difference between the first year of measurements before the tree cutting and the 2009-2013 years was statistically significant (p = 0.00004). While at site B2, no significant differences in the level of the ground water table were found in the analysed period.
Plant community response to birch removal After the removal of birch in 2008, there was a rapid regeneration of this species at both sites (Table 2) . Its number after 7 years was several times higher than before removal. An oak species (Quercus robur) moved onto site B1 following birch removal, and the number and basal area of this species increased over time. There was an initial decrease in the number of pines at this site, caused by the dieback of single trees, but the basal area of this species significantly increased. Spruce numbers at site B1 increased over the course of the study; at site B2, however, the spruce numbers decreased between 2008 and 2013. The number of pines did not change at B2.
At site B1, a significant increase was noticeable in the percentage cover of shrubs and undergrowth layer (Table 3) At site B2, the coverage of the tree layer in 2008 and 2013 remained at the same level (Table 3 ). While models indicated statistically significant differences in the layer of shrubs and of mosses and lichens, significant differences were not identified in pairwise comparisons between years. After reducing coverage Several species common to the three main syntaxonomic species groups were identified at the study area (Table 4) . At site B1, the dominant species of the coniferous forest syntaxonomic group of species of class Vaccinio-Piceetea (Table 5 ) demonstrated a trend, although not statistically significant, of increasing coverage and number of occurrences. In this group an increase in coverage was recorded for Vaccinium myrtillus, V. uliginosum, Calluna vulgaris and Ledum palustre. Species characteristics of the OxycoccoSphagnatea group had a higher number of occurrences compared to species of the Vaccinio-Piceetea group, but they had a lower coverage. Species of OxycoccoSphagnatea also exhibited steady growth and were more abundant than species in the Vaccinio-Piceetea group, and the number of occurrences and the average total coverage was significantly higher in 2008 and 2013 compared to 2006. The species, exhibiting the greatest increase in cover was Sphagnum magellanicum, which increased its coverage by 70% in 2013 to the value recorded in 2006 and 2008 (data not shown). Other species of this group that formed ground vegetation background (Oxycoccus quadripetalus, Eriophorum vaginatum) also exhibited an increase in coverage, but it was relatively small. Furthermore, a systematic increase in the number of occurrences was maintained in the analysed period by following species in the class Oxycocco-Sphagnatea: Aulacomium palustre (from 5 occurrences in 2006 to 13 in 2013), Polytrichum strictum (from 7 to 11), Andromeda polifolia (from 5 to 10), and Drosera rotundifolia (from 2 to 5) (data not shown). In 2013, for the first time, liverwort Cephalozia connivens was observed on 6 plots (data not shown). The species characteristics for fen and transitional peatlands in the group Scheuchzerio-Caricetea exhibited the smallest changes. It was slightly represented in undergrowth species composition compared to other selected syntaxonomic groups. The accompanying species (species not belonging to the groups identified) also exhibited no significant changes in coverage and occurrence. In 2008, an increase in the average value of the coverage sum and in the number of occurrences At site B2 prior to tree removal, the dominant ground vegetation coverage component consisted of species from the group Vaccinio-Piceetea (Pleurozium schreberi, Vaccinium myrtillus, Vaccinium uliginosum), but in 2013, raised bog species of the group Oxycocco-Sphagnatea began to play a dominant role (Table 5) . Aggregate coverage for this group in 2013 Moss and lichen** 59.6 ± 7.7 60.7 ± 7.7 65.7 ± 6 1.1 5.0 6.1
Number of plant species (N/100 m 2 ) Total** 15.6 ± 0.6 17.4 ± 0.5 22.2 ± 0.9 1.7 4.9* 6.6* Tree and shrub** 3.9 ± 0. Shrub** 22.9 ± 3.9 15.1 ± 3.5 18.6 ± 2.9 -7.9 3.5 -4.4 
Veronica chamaedrys
Accompanying species are defined as species not belonging to the groups identified 
Discussion
Contrary to expectations, the level of the ground water table did not increase at either site after birch removal, and at one of the sites (B1), it significantly decreased (-7 cm) and exhibited a downward trend. A decrease in the ground water table was observed in the first years after the procedure. This result is different compared to the findings of other authors, who found an increase in the ground water level after the removal of trees on peatlands (Sun et al. 2000; Xu et al. 2002) . Conversely, afforestation may result in decreasing ground water table levels (Klimkowska et al. 2010) due to increased transpiration, and the rapid emergence of birch offshoots in reaction to cutting can have similar results (Stenild et al. 2010) . Despite the strong recovery of birch in 2008 and 2013 as evidenced by increased tree numbers, birch basal area and coverage of trees and shrubs were lower compared to values prior to cutting. Thus, it can be assumed that the transpiration of woody vegetation did not have a key influence on the water balance of the two bogs. The presented study was limited, because there were no control sites on similar bogs where birch was not removed. Those control plots would have documented natural year-to-year variation in water table level. It was not possible, however, to find the control plots with the same site conditions. A positive, statistically significant correlation of changes in the position of the ground water table with an average annual rainfall in the site without a drainage ditch led, in turn, to the recognition of meteorological conditions as fundamental to the bog (Lamentowicz et al. 2008; Gałka et al. 2014) . Lowering the groundwater level at site B1 (with the drainage ditch) in a situation with a stable climate footprint (P-ETP-PrecipitationEvapotranspiration) indicates that water flows from the site, even though the drainage ditch was old, uncured (not cleaned), shoaled (not deepened) and dominated by sphagnum mosses. Thus, it appeared to be clogged, but peat mosses formed a deep layer of acrotelm characterised by high water conductivity (Van der Schaaf et al. 2010) . Outside the dome of the raised bog, a ditch runs through the low bog and is overgrown with alder currant Ribis nigri-Alentum Sol. -Górn. (1975 -Górn. ( ) 1987 , at this location the ditch is permeable and can drain water. Site differences were observed in species composition changes after the removal of undergrowth and birch trees. At site B1 (with a drainage ditch), an increase in the coverage of raised bog species of class Oxycocco-Sphagnatea were observed, which were typical for the bog, but the aggregated coverage of species of this class was still lower than coniferous species of class Vaccinio-Piceetea. These changes were beneficial for the natural structure of the raised bog mossy vegetation (Matuszkiewicz 2007) , but the moisture and mean light ecological indicators for the site were still unsatisfactory (Weltzin et al. 2003; Mauquoy and Yeloff 2008) . At the same time, we identified an increase in Sphagnum magellanicum coverage by nearly 70%; laboratory tests have indicated that this species can reduce temperature increases resulting from light (Weltzin et al. 2000 ). An additional further negative change at site B1 was indicated by the response of the tree stand. Both the fast regeneration of birch and an increase in the number of trees and diameter cross-sectional area of Pinus sylvestris, Picea abies, and Quercus robur suggest a decrease in the soil moisture (Vitas and Erlickytë 2007; Cedro and Lamentowicz 2011) .
At site B2, although the water table level did not change significantly in contrast to site B1, a change in vegetation promoting Ledo-Sphagnetum was observed. The positive effect connected with removing birch was an increase in the coverage of species appropriate for raised bog mossy vegetation of class Oxycocco-Sphagnatea. Thus, after 7 years the dominance of raised bog forest species indicates that typical raised bog mossy vegetation structure was restored (Sokołowski 1991) . A lack of signs of desiccation in the substrate and a significant increase in the coverage ratio of raised bog mossy vegetation species, or in the soil humidity indicator, clearly show improvement in the substrate humidity conditions (see Weltzin et al. 2003; Mauquoy and Yeloff 2008) . Improvement of water conditions deduced on the basis of environmental indicators was most likely the reason for the lack of such a strong regeneration of trees after the removal of birch compared to the site without a drainage ditch-B1 (see Vitas and Erlickytë 2007; Cedro and Lamentowicz 2011) . At the same time, exposing the substrate results in an increase in the value of the light indicator on the basis of a particular species of ground vegetation. Improvement in the water conditions as a result of this measure also had a negative effect on the mineralisation of organic matter (Glatzel et al. 2006) , as shown by the trophic index value, which was significantly reduced at this site, contrary to site B1, where it increased. Changes in the trophic level stimulate the growth of birch saplings and undergrowth (Tomassen et al. 2004) .
It can be assumed that the transpiration of woody vegetation at the two sites was not a key factor impacting site hydrology. Removal of birch increases the amount of light reaching ground vegetation, which favours the development of typical vegetation in peat bogs. However, the strong regeneration of birch trees quickly reduced the effect of the tree removal. Focusing active protection only on procedures to remove birch to restore the proper structure of tree stands to support raised bog mossy vegetation turns out to be insufficient and should be combined with blocking ditches that may drain the bog dome. As shown by these results and the work of other authors (Glatzel et al. 2006; Gałka et al. 2014) , water conditions in rain-fed peat bogs depend primarily on the amount of precipitation. It should also be noted that the tree cutting procedure was carried out once. Strong tillering appearing in the next year could weaken the impact of the procedure. To see the real impact of woody vegetation on bog water levels, more cuts should be conducted, even several times a year, as recommended by Stenild et al. (2010) .
Conclusions
Complete cutting to reduce the development of birch trees on a raised bog yielded better results at site B2, which did not have a drainage ditch. In the case of site B1, the removal of birch and saplings did not produce the desired effects. The reason for this may be a relatively short period of observation and the one-time execution of the procedure. Repeating the research in subsequent years, with more repetitions, may allow for verification of the effects of birch tree removal on a raised bog as a means of active protection.
